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Abstract
The Cascadia Subduction Zone on the northwest coast of the United States poses the threat of a
devastating megathrust earthquake and subsequent tsunami damaging coastal populations. This paper
synthesizes literature to analyze the geologic and socioeconomic effects of this natural disaster, as well
as examines the existing warning system infrastructure, and makes recommendations to mitigate the
damage. In order to assess the geologic effects of a megathrust earthquake, I investigate the tectonic
history, the role of episodic tremor and slip (ETS) in stress buildup, crustal architecture of the subduction
zone, and analogous subduction zones such as Chile and Japan. This information is then used to assess
the socioeconomic effects of a megathrust earthquake. Demographic, geographic, and temporal
information of the coastline are used to assign relative vulnerabilities to individual communities,
pinpointing the areas at highest risk. Both geologic and socioeconomic effects are incorporated into an
evaluation of ShakeAlert, the warning system in development for Cascadia. Recommendations for
preemptive measures and warning system design, such as a higher magnitude criterion and more
densely spaced instrumentation, are made by incorporating all factors, as well as by comparing
ShakeAlert to the effective early warning systems of Japan.
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EVALUATION OF THE POTENTIAL GEOLOGICAL AND SOCIOECONOMIC IMPACTS OF THE IMMINENT
CASCADIA MEGATHRUST EARTHQUAKE
Overview and Objectives
This thesis analyzes the potential geologic and socioeconomic hazard and risk associated with a
Cascadia megathrust event, and makes recommendations for warning system modifications for the
region. The study area consists of the Pacific Northwest coastline from Northern California to British
Columbia. It is important to consider the effects of a megathrust earthquake in Cascadia because such
an event has the potential to socioeconomically cripple the region.
The objective of the first chapter of this paper is to examine the potential geologic effects of a
megathrust event on the Cascadia subduction zone, and to produce an estimate of earthquake
magnitude, location, recurrence interval, amount of coastal subsidence, and tsunami amplitude. The
chapter includes a brief overview of the tectonic history of the study area, the current crustal
architecture, the role of episodic tremor and slip in stress buildup, evidence for prior megathrust
earthquakes, and a comparison to other subduction zones, such as Chile and Japan, with similar
features.
The objective of the second chapter of this paper is to analyze the potential socioeconomic
effects of a Cascadia megathrust event, and to make suggestions for local policy changes and resource
allocation. The chapter includes information on demographics, regional geography, evacuation speed,
the time of day that an earthquake strikes, and local intensity values, which are used to pinpoint the
communities of highest risk and estimate total socioeconomic losses.
The objective of the third and final chapter of this paper is to recommend improvements to
ShakeAlert, Cascadia’s earthquake early warning system, and suggest strategies to combat human
inertia. The chapter summarizes the history and methods of earthquake early warning systems (EEWs),
as well as the technicalities of the current Cascadia EEW, ShakeAlert.
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Chapter 1: Geology of the Cascadia Subduction Zone
1.1. Introduction
A megathrust earthquake in the Cascade region of the northwestern American coast is
imminent (Dragert et al., 2001). For the purposes of this paper, a megathrust earthquake is defined as a
seismic event with a large moment magnitude (Mw > 8) generated by the subduction of oceanic
lithosphere beneath continental lithosphere (Dragert et al., 2001). In order to more fully understand the
geologic implications of this event, several aspects of the Cascadia subduction zone must be studied.
The first chapter of this paper analyzes current and past plate interactions, pressure buildup, and
evidence for prior earthquakes. By examining these dynamic factors of the Cascadia subduction zone as
well as comparing Cascadia to similar subduction zones in Chile and Japan, a more holistic
understanding of this grave threat can be reached. This discussion focuses on earthquake hazard and
risk, which are defined as a physical, geological threat that poses danger to a population and the
probability of encountering said threat, respectively (Alcántara-Ayala, 2002).
1.2. Brief Geologic History of the Modern Cascade Range
In order to fully appreciate the threat that the Cascadia subduction zone, seen in Figure 1 from
Flueh et al. (1998), poses to the region, it is useful to examine the Recent geologic history of the modern
volcanic arc. Because modern Cascadian subduction and volcanism did not begin until the Cenozoic
(65Ma – Present), events prior to the Cenozoic are not examined in this paper. The Cenozoic history of
the Cascades is best presented chronologically, beginning with the termination of the Laramide
Orogeny. The Cenozoic of the Cascades is characterized by changing conditions of the subduction of the
Farallon Plate, clockwise rotation of the volcanic arc, and shifting volcanic regimes, all of which are
discussed in more detail below. The current tectonic setting of the Cascade region is dominated by a
moderately dipping (~45o) Juan de Fuca Plate subducting beneath the North American Plate (Leeman et
al., 1990; Flueh et al., 1998). The subduction zone builds up pressure primarily through episodic tremor
and slip, a process in which aseismic slip in the downdip regions of the subducting plate loads pressure
onto the updip region (Dragert et al., 2001). Current tectonics and episodic tremor and slip processes
are further discussed in section 1.4.
1.2.1. Eocene (56Ma – 33.9Ma) Tectonics of the Cascades
The termination of the Laramide Orogeny began with a shallowly dipping (~25 o) subduction
angle in the early to mid-Eocene, becoming progressively steeper with slower rates of rifting at the
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spreading ridge (Lipman et al, 1972; Lipman, 1980). Volcanism during this time was predominately
andesitic (Lipman et al., 1972; Hammond, 1979). In addition, the Coast Range volcanic arc collided with
the western edge of North America during this time (Hammond, 1979). This would have caused the
subduction zone to translate to the west (Lipman, 1980), as well as possibly lead to the beginning of
modern Cascadian volcanism east of the Coast Range (Leeman et al., 1990; Hammond, 1979). In
addition, both the Coast Range and the newly forming Cascade Range began rotating clockwise due to a
combination of oblique subduction and backarc rifting (Hammond, 1979; Wells, 1990). Figures 2 and 3,
from Hammond (1979) show the rotation of the region in the Eocene.
1.2.1. Oligocene (33.9Ma – 23.03 Ma)/Miocene (23.03Ma – 5.33Ma) Tectonics of the Cascades
Steeper subduction continued into the Oligocene and Miocene (Lipman, 1980). Volcanism
during this time became progressively less andesitic, with basaltic volcanism growing in prominence
(Hammond, 1979). The Columbia River Flood Basalts erupted during this time, ending by the termination
of the Miocene (Hammond, 1979). The Yellowstone Plume began to rise and affect the system at
approximately 19Ma in the beginning of the Miocene (Cheng et al., 2017), which likely influenced the
observed change in volcanic geochemistry. Clockwise rotation of the Cascades continued through this
time, with the range aligning itself North-South by the middle Miocene (Hammond, 1979). This rotation
was amplified by Basin and Range extension to the south (Wells, 1990). Figures 4 and 5, from Hammond
(1979) show the evolution of the rotation of the Cascade Range throughout the Oligocene and Miocene.
1.2.3. Pliocene (5.33Ma – 2.58Ma)/Pleistocene (2.58Ma – 0.012Ma) Tectonics of the Cascades
Pliocene and Pleistocene volcanism of the Cascades was dominated by andesitic cones as well as
basaltic lavas (Hammond, 1979). Basaltic lavas became far more prominent than andesitic volcanism,
with 85% of the igneous rock volume being basaltic (McBirney, 1978). By the Pleistocene, the Juan de
Fuca Plate was subducting at a dip angle between 40 o and 50o (Lipman et al., 1972).
1.3. Current Crustal Architecture of the Cascadia Subduction Zone
In order to fully understand the threat that the Cascadia subduction zone poses to the
populations of the northwest coast of the United States, an examination of the current crustal
architecture of the tectonics involved is necessary. By studying crustal age and temperature, subduction
dip angle, and several other factors, a further understanding of the megathrust earthquake hazard and
risk can be discerned.
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The current tectonic regime of the Cascades is dominated by the oblique subduction of the Juan
de Fuca Plate, the tail end remnant of the ancient Farallon Plate, beneath the continental North
American Plate (Leeman et al., 1990; Flueh et al., 1998). This subduction takes place in the region
between Northern California and British Columbia on the western coast of the continental United States
(Flueh et al., 1998; Cheng et al., 2017), as seen in Figure 1 from Flueh et al. (1998). The subducting
portion of the Juan de Fuca Plate is approximately eight million years old, and converges with North
America at 4 cm/year (Oleskevich et al., 1999). Given that the Juan de Fuca Plate is young, warm, and
buoyant, as it is being constantly produced at a nearby spreading ridge, it dips at a fairly shallow 45degree angle underneath the North American Plate (Leeman et al., 1990). This dip angle, however, is not
constant throughout the entire strike of the Cascades. Cheng et al. (2017) showed that the Juan de Fuca
Plate dips at 50 degrees underneath Northern California, but shallows to approximately 30 degrees
underneath Washington. Figure 6, from Cheng et al. (2017), demonstrates the changing dip angles along
the strike of the subduction zone. The area under Oregon is difficult to image, given the historic lack of
earthquakes in the area (Cheng et al., 2017). This lack of earthquakes in central Oregon potentially
isolates the area of highest risk, as pressure in the region will continue to build until it is released in an
earthquake. The changing flexure of the Juan de Fuca plate could possibly be due to continued
interaction with the young, buoyant Yellowstone Plume that may have caused fracturing in the
subducting slab (Obrebski et al., 2010). The Yellowstone Plume may also explain the historic lack of deep
earthquakes in Oregon, as Obrebski et al. (2010) hypothesize that the plume punctured through the
subducting plate, causing the deep portion of the ancient Farallon Plate to break off. Currently, the plate
is not locked at depth, but is instead locked in the updip region of the plate offshore of the coastline
(McCaffrey et al., 2000; Dragert et al., 2001). For this paper, locking is defined as sustained plate
coupling between the subducting plate and the overriding continental plate, which builds up stress that
will eventually be released in a megathrust earthquake (e.g. Hyndman and Wang, 1995). As discussed in
section 1.4, aseismic episodic tremor and slip in the downdip region of the plate causes updip areas to
become locked, which could eventually lead to a devastating earthquake in the Cascade region of the
West Coast (Dragert et al., 2001).
In addition to basic plate geometry of the subduction zone, several other factors, such as
sediment supply, volcanism, and earthquake-induced tsunamis, must be considered when gauging
hazard and risk for Cascadia. Unlike similar subduction zones, a massive influx of sediment from the
Columbia River influences the tectonic system, forming a large accretionary wedge (Flueh et al., 1998).
This incoming sediment causes approximately 3000 meters of sediment to build up in the trench
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(Oleskevich et al., 1999). The subduction zone also poses a volcanic risk, as a line of active
stratovolcanoes dots the western coast from Mount Lassen in Northern California to Meagher Mountain
in British Columbia (Flueh et al., 1998). Most importantly, the area is also at risk for earthquake-induced
tsunamis (Atwater, 1987; Flueh et al., 1998), as the main zone of plate coupling is located offshore
(McCaffrey et al., 2000; Dragert et al., 2001). Geologic hazards, such as volcanism and earthquakeinduced tsunamis, are a direct result of the crustal architecture of Cascadia.
1.4. Episodic Tremor and Slip in the Cascadia Subduction Zone
Episodic tremor and slip, a recently discovered phenomenon, greatly influences the buildup of
pressure in the Cascadia subduction zone (e.g. Dragert et al., 2001). Episodic tremor and slip is a process
in which the deep downdip portion of the subducting plate undergoes repeated, nearly undetectable
slip events (Dragert et al., 2001). Coupling in the deep plate region between the Juan de Fuca and North
American Plates experiences long periods of slow, aseismic slip, periodically followed by more rapid slip
events (Dragert et al., 2001). For example, Rogers and Dragert (2003) examined six slip events near the
southern portion of Vancouver Island. These short events occurred at 20km-40km depth, lasted
between 6 and 20 days, and typically repeated in intervals of 13 to 16 months (Rogers & Dragert, 2003).
Although the moment magnitude of these events usually ranges between 6.3 and 6.7 (Chapman &
Melbourne, 2009), the slip does not cause an earthquake (Rogers & Dragert, 2003). Episodic tremor and
slip events last much longer than traditional earthquakes, sometimes occurring over spans of weeks
(Rogers & Dragert, 2003). In addition, the location of these events is difficult to pinpoint (Rogers &
Dragert, 2003). In any case, each slip event releases pressure in the downdip region of the subducting
plate, causing pressure to accrue in the updip portion of the subducting plate (Chapman & Melbourne,
2009). Eventually, this could lead to a megathrust earthquake on the Cascade subduction margin,
potentially up to an Mw 9 (Chapman & Melbourne, 2009).
Although episodic tremor and slip plays a major role specifically in the Cascades, the
phenomenon is not unique to the region. Episodic tremor and slip has been recorded at several other
plate margins, which usually possess similar, predictable qualities. Seismic signals attributed to episodic
tremor and slip have been recorded in Chile and Southwestern Japan (Linde & Silver, 1989; Obara et al.,
2004). In these areas, the subducting oceanic crust is young and warm, much like Cascadia (Brudzinski &
Allen, 2007). This suggests that the age and temperature of the subducting plate determines, at least in
part, the prominence of episodic tremor and slip in pressure buildup. The lack of episodic tremor and
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slip seismicity in areas of cold, steep subduction could possibly indicate that plate coupling found in
ductile, relatively flat subduction zones gives rise to episodic tremor and slip processes.
Unfortunately, predicting exactly when and where an earthquake will strike is impossible.
However, records of episodic tremor and slip seismicity give some indication as to where a megathrust
earthquake is most likely to occur, as well as the potential for deformation inland of the locked updip
zone near the coastline. In the areas in which episodic tremor and slip has been recorded, it has been
found that resulting pressure is not building up only on the plate margin, but also well downdip of the
locked zone (Chapman & Melbourne, 2009). Chapman and Melbourne (2009) suggest that the buildup
of pressure is occurring at depths up to 25 kilometers, well beyond the 15 kilometers predicted should
only the uppermost locked zone be affected. Unfortunately for several populous metropolitan areas,
this deeper-than-expected pressure buildup would theoretically cause slip of up to nine meters at 25kilometers depth, affecting much further inland than expected should a megathrust earthquake occur
(Chapman & Melbourne, 2009). On the locked updip portion of plate coupling, the region at or above 15
kilometers depth, slip of up to 20 meters is expected (Chapman & Melbourne, 2009). In addition to
amount of slip and inland deformation, episodic tremor and slip is useful for determining which regions
along strike the plate margin is most locked. Figure 7 from Brudzinski and Allen (2007) shows the
recurrence intervals of ETS events along the coastline. Periodic episodic tremor and slip seismicity has
been recorded in northern Washington and British Columbia, the northernmost reaches of the Cascadia
subduction zone (Rogers & Dragert, 2003). However, the continued presence of this seismicity could
potentially indicate that some pressure has yet to be built up. Oregon, on the other hand, is partially
defined by its seismic quiescence, as seen in Figure 1 (Flueh et al., 1998). This silence could indicate that
all available episodic tremor and slip pressure has been built up, and that the pressure will be released
in a megathrust earthquake. Were that the case, a large megathrust earthquake would likely be
immediately preceded by a flurry of episodic tremor and slip activity (Rogers & Dragert, 2003). However,
the hypothesis above represents one of many possible scenarios, as earthquakes remain unpredictable.
1.5. Geologic Evidence for Prior Earthquakes
The Cascade Range contains a wealth of geologic information that suggests that megathrust
earthquakes in the subduction zone have occurred in the Recent past (e.g. Atwater, 1987; Atwater, et
al., 1995). Given that historical records of Cascadia earthquakes are sparse, geologic evidence is the only
reliable method of determining future earthquake risk. Such evidence allows for several interpretations
about past earthquakes to be made, such as event magnitude, amount of deformation, and risk of other
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geologic hazards. In addition, this evidence can be used to estimate a recurrence interval between these
megathrust earthquakes, and thus when another one is most likely to strike in the Cascades.
A megathrust earthquake leaves several telltale signatures behind. These signatures are a direct
result of coseismic coastal subsidence, which is a common phenomenon during large subduction zone
earthquakes (Atwater, 1987). Several lines of evidence, such as vertical succession of strata, suggest
cyclic events of coastal subsidence in the Cascades over the last several hundred years. In the Cascade
region, several examples exist of terrestrial organic material, such as peats and soils, being abruptly
overlain by tidal flat muds (Atwater, 1987; Atwater et al., 1995). This type of vertical succession, where
terrestrial material underlies marine deposits, has been found along the entire strike of the subduction
zone, from Northern California to British Columbia, as summarized in Figure 8 (Atwater et al., 1995). This
indicates that the entire coastline experienced a rapid transgression, likely due to coastal subsidence
resulting from a megathrust earthquake of moment magnitude (M w) of 8 or greater (Atwater, 1987;
McCaffrey et al., 2000). This subsidence exceeded 0.5 meters (Atwater et al., 1995), likely totaling
approximately one meter (Chapman & Melbourne, 2009). Many of these telltale deposits are found in
conjunction with sands indicative of a tsunami (Atwater et al., 1995). In addition to cyclic deposits of
flooded soils, other features indicative of a megathrust earthquake, such as liquefaction structures and
offshore turbidity deposits, have also been found (Atwater et al., 1995). Based off of all lines of
evidence, earthquake recurrence intervals for the Cascadia subduction zone can be estimated.
Repeated buried terrestrial deposits also serve as a useful indication of how often a megathrust
earthquake strikes. Cyclic buried soil and peat indicate that a megathrust earthquake occurs in Cascadia
roughly every 500 years (Atwater et al., 1995; Oleskevich et al., 1999). However, this recurrence interval
is uncertain. Not only could some buried layers recorded indicate non-seismic events, such as eustatic
sea level rise, but uncertainties in the dating of the soil could distort the recurrence interval by hundreds
of years (Atwater et al., 1995). Although no earthquake larger than an Mw 7.5 has occurred in several
hundred years (Atwater, 1987), the last megathrust earthquake that occurred in the Cascades likely took
place in 1700 (Satake et al., 1996). Written Japanese accounts record a tsunami in Japan, but no
evidence for a local Japanese earthquake has been found (Satake et al., 1996). The most likely seismic
culprit of this so-called Orphan Tsunami is the Cascadia subduction zone, given that buried organic
material has been found in the region dating back to 1700 (Satake et al., 1996). Thus, if the Cascadia
margin ruptured 300 years ago and has a recurrence interval of 500 years, an earthquake is most likely
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to strike in approximately 200 years. However, given the unpredictable nature of earthquakes, such an
estimate should not be taken as an absolute.
1.6. Analogous Subduction Zones to Cascadia
Even though the Cascadia subduction zone is unique in several aspects, it is helpful to examine
other similar subduction zones. By analyzing the features of several other subduction zones, such as
those of South Chile and Southwestern Japan, comparisons to Cascadia can be drawn. In addition,
investigating analogous subduction zones around the world is useful for determining earthquake hazard
and risk, as the tectonics of both Southern Chile and Southwestern Japan pose a threat to their
respective native populations.
1.6.1. Tectonics of the Southern Chilean Subduction Zone
The tectonics of both the Southern Chilean Subduction Zone and the Cascadia Subduction Zone
are quite similar, albeit with slight differences. For clarification, the Southern Chilean Subduction Zone,
as seen in Figure 9 from Lange et al. (2007), occurs between the latitudes of 41 oS and 44oS, in which the
Nazca Plate subducts beneath the South American Plate near the Chile Triple Junction (Lange et al.,
2007; Oleskevich et al., 1999). Both Chile and Cascadia have similar subduction geometries, including
age, temperature, and dip of the subducting plate. In the subduction zone of Southern Chile, the young
oceanic crust of the Nazca Plate is subducting obliquely underneath the continental South American
Plate (Lange et al., 2007). In this region, the subducting plate is approximately 5 million years old, similar
to that of Cascadia (Oleskevich et al., 1999). This leads to relatively flat subduction of the oceanic crust,
as the Nazca Plate dips at approximately 30o (Lange et al., 2007). Shallow subduction of young, warm
crust creates the thermal gradient seen in Figure 10 (Oleskevich et al., 1999). This thermal gradient is
quite similar to that of Cascadia, as seen in Figure 10, indicating that both areas remain quite warm at
shallow depths. In addition to similar thermal gradients, the updip seismogenic limits of both Cascadia
and Southern Chile are found at or near the trench, unlike that of colder, steeper subduction (Oleskevich
et al., 1999). Episodic tremor and slip also plays a role in pressure buildup for both areas, as aseismic slip
played a major role in an Mw 9.5 earthquake in South Chile in 1960 (Dragert et al., 2001; Linde & Silver,
1989). However, although major similarities exist between the subduction zone of Southern Chile and
that of Cascadia, slight differences between the two remain.
While the major similarities outlined above are useful for drawing correlations between
Cascadia and Southern Chile, the two tectonic systems are also different in several regards. Primarily,
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the Nazca Plate is converging on the South American Plate at a much faster rate than the Cascadian
plates (Oleskevich et al., 1999). The convergence rate in Cascadia is approximately 4 cm/year, while that
of South Chile is closer to 9 cm/year (Oleskevich et al., 1999). In addition, the South Chilean trench
receives much less incoming sediment than the Cascadian trench (Oleskevich et al., 1999). However,
although the two systems possess minor differences, these discrepancies do not disqualify all
comparisons between Cascadia and South Chile.
1.6.2. Tectonics of the Southwestern Japan Subduction Zone
The tectonics of Southwestern Japan can be found in Figure 11, from Peacock and Wang (1999).
Southwestern Japan has undergone several changing tectonic regimes in recent history, such as rotation
of the island arc and opening of the Japan Sea due to backarc rifting of the subduction zone on the east
coast (Itoh et al., 2006). This is similar to the backarc-rifting-induced rotation seen in the Cascadia
volcanic arc in the Eocene (Hammond, 1979; Wells, 1990). Both systems also have similar plate ages (015Ma for Japan, 8Ma for Cascadia), convergence rates (~4cm/year), and dips of the subducting plates
(35o for SW Japan, 45o for Cascadia), as well as a similar temperature/depth trend seen in Figure 10 from
Oleskevich et al. (1990) (Leeman et al; 1990; Oleskevich et al., 1999; Tabei et al. 2003). In addition, the
subduction of the Juan de Fuca Plate beneath North America is quite similar to that of the Philippine Sea
Plate underneath Southwestern Japan. Both areas are subducting young, warm oceanic crust, and are
strongly influenced by episodic tremor and slip processes (Obara et al., 2004). These similarities allow
for useful comparisons between Japan and Cascadia.
Although both Japan and the Cascades are currently undergoing similar subduction processes,
slight differences between the two regions remain. While the Juan de Fuca spreading ridge is constantly
creating new oceanic crust (Leeman et al., 1990), the spreading zone that once created Philippine Sea
Plate crust is no longer active (Oleskevich et al., 1999). In addition, unlike Southwestern Japan, Cascadia
has been strongly influenced by the presence of the Yellowstone hotspot, which affects the dip of the
subducting plate and the volcanic chemistry of the region (Cheng et al., 2017; Hammond, 1979). Despite
these minor differences, the two areas remain quite similar in most regards.
1.6.3. Earthquake Hazard of Southern Chile and Southwestern Japan
Because the subduction zones of Cascadia, Southern Chile, and Southwestern Japan possess
several similarities, it is useful to examine the earthquake hazards expected in both analogous places.
The subduction zone in Southern Chile is known for creating large magnitude earthquakes, such as the
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Mw 9.5 Valdivia earthquake in 1960 (Lange et al., 2007). Similarly, earthquakes of Mw 8 and higher
regularly occur in southwestern Japan (Obara et al., 2004). Because these subduction zones are quite
similar to Cascadia in subduction angle, plate age, and plate temperature, it is not unreasonable to
expect large magnitude earthquakes in the Cascadia subduction zone in the future.
1.7. Potential Geologic Effects of a Cascadia Megathrust Earthquake
Should an earthquake strike in Cascadia, several geologic effects will take place as a result. Several
of these effects will take place immediately following the earthquake, while others may take much
longer. As explained by the lines of evidence presented in section 1.5 and Figure 8, the coastline will
likely subside on the order of about one meter (Atwater et al., 1995; Chapman & Melbourne 2009).
Additionally, the North American Plate will likely undergo rapid uplift offshore, leading to a tsunami
immediately following the earthquake (Atwater, 1987). In 1700, the Orphan Tsunami recorded in Japan
was likely about three meters in height (Satake et al., 1996). However, Witter et al. (2013) estimate that
the most likely earthquake scenario could generate wave amplitudes of over seven meters. Given the
unpredictability of the earthquake itself, the size of the tsunami is consequently difficult to predict. In
addition, given that liquefaction features have been found in the geologic record (Atwater et al., 1995),
it is not unlikely that loosely consolidated sediment may liquefy during the event of a large earthquake.
Moreover, rapid transgression of the sea due to coastal subsidence would likely cause a disruption in
vegetation growth (Atwater, 1987). Because of rapid transgression, previously densely vegetated areas
may become estuarine flats incapable of supporting plant life (Atwater, 1987). Geologic hazards such as
these pose a significant risk to coastal populations.
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Chapter 2: Socioeconomic Impact of Cascadia Megathrust Earthquake
2.1. Introduction
With an imminent megathrust earthquake occurring on the Cascadia Subduction Zone, the
socioeconomic ramifications of a natural disaster of this magnitude must be discussed. These
discussions must include the effects of both the earthquake itself and the resultant tsunami. Factors to
consider are both human effects, such as lives lost and quality of life, and economic effects, such as the
effects on schools, hospitals, regional economies, and total financial losses. Because the geologic aspects
of the coming earthquake, such as magnitude, intensity, and tsunami amplitude and arrival time, are
difficult to accurately predict, it follows that any socioeconomic overview of the disaster will contain
substantial margin of error. Additionally, several factors beyond the geologic must be included, such as
demographical information of the affected populations, building codes, and human psychology, all of
which are listed in Figure 12 (Walker et al., 2014) and will be discussed below. Because of the
complicated interactions between these various factors, resource allocation cannot simply boil down to
wherever most lives are lost. For example, although fewer lives may be lost in a small town than a large
city, the socioeconomic damages caused by an earthquake have the potential to cripple the smaller
community for years to come. By examining the variable factors listed above, comprehensive hazard and
vulnerability risk can be assessed, which informs resource management and mitigation planning and
may allow preemptive resource allocation.
2.2. Demographical Information and How It Affects Earthquake Scenarios
Arguably the most important variable in earthquake and tsunami mitigation planning is the
demographics of the communities along the coastline. Factors such as gender, parenthood, income, and
age all must be considered when planning for a natural disaster. Wood et al. (2010) point out that past
research, such as that done by Bateman and Edwards (2002), suggests that women generally have
greater attention to risk and are more likely to prepare for a disaster beforehand, and are thus more
likely to evacuate during a natural disaster than men are. However, women are also more likely to have
lower income and/or be single parents (Wood et al., 2010), both of which increase vulnerability.
Fortunately, along the entire Cascadia coastal region, population demographics suggest that gender
differences may not be an issue given that the female population in the area is approximately average
(Wood et al., 2010). However, it remains possible that gender differences could have an effect on
evacuation at the community level, if not the entire coast. In addition to gender, parenthood also has an
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effect on disaster readiness. Walker et al. (2014) ranked single parent families, as well as those with
several dependents, as being of high vulnerability in a natural disaster. Logically, parents with several
small children in tow will not evacuate as quickly as a childless individual. Again, these factors are
primarily useful for analysis at the community level in order to determine which areas are most
vulnerable on the basis of parenthood. More than gender or parenthood, however, age is a significant
factor that must be taken into account when assessing risk due to a natural disaster. Both Walker et al.
(2014) and Wood et al. (2010) viewed age as one of the primary demographics that relates to high
vulnerability because seniors, citizens of age 65 and above, have reduced mobility during a natural
disaster, have a greater number of health-related problems, and may not be able to evacuate without
outside assistance. Walker et al. (2014) also recognize that seniors living by themselves are at high levels
of vulnerability. Unfortunately, seniors represent 25.7% of the population in the tsunami hazard zone in
Oregon, approximately twice the national average of the United States (Wood et al., 2010). The high
level of seniors in danger necessitates consideration of retirement homes in the hazard zone. These
social vulnerability factors, primarily age, do not bode well for a Cascadia megathrust earthquake.
While factors such as gender, parenthood, and age all must be accounted for, the variable factor
that is most indicative of high vulnerability is amount of income. Both Walker et al (2014) and Wood et
al. (2010) considered an individual’s average income or wealth, respectively, to be the greatest indicator
of social vulnerability. Wood et al. (2010) ranked this factor high because generally, low income
households have less hazard-resistant homes and possessions, and thus have higher vulnerability.
Education and employment both play a role in this factor. Wood et al. (2010) relate education level to
average income, as those with only a high school diploma are more likely to earn less money.
Additionally, employment also must be considered. Those employed in natural resources industries (e.g.
farming, fishing, and forestry), as well as the service industry, are likely to be low earners (Wood et al.,
2010). In their study of coastal communities in Oregon, Wood et al. (2010) found that 3.1% of citizens
were employed by natural resource industries, and 19.3% were employed by the service industry. These
are relatively high compared to the national averages of 0.9% and 14.3%, respectively (Wood et al.,
2010). Additionally, 17.7% of coastal Oregonians rely on social security payouts, another indicator of
poverty, compared to 9.9% nationally (Wood et al., 2010). Income is a significant predictor of natural
hazard vulnerability, and statistics show that coastal communities in Cascadia are at greater than
average risk as a result.
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In addition to basic demographic information such as gender, age, and income, an individual’s
housing will also hypothetically affect their natural disaster preparedness. Specifically, home ownership
is a determinant of disaster readiness. Wood et al. (2010), citing a study done by Burby et al. (2003),
mention that home-renters are generally less prepared for a natural disaster when compared to
homeowners. This could pose a problem in communities dense in renters, such as more expensive urban
areas. Ever-changing building codes further complicate the issue. For example, the state of Washington
did not have a uniform building code until the 1970s, instead leaving those decisions up to individual
communities (Wood et al., 2014). As a result, the earthquake readiness of a structure varies between
buildings depending on when and where it was constructed (Wood et al., 2014). Interestingly, this
provides an unexpected advantage to rural areas and suburbs. Because population growth generally
takes place outside of already swollen cities, there is a demand for newer and up-to-date structures in
these more sparsely populated areas (Wood et al., 2014). As a result, there are generally more
structurally sound buildings in rural and suburban areas compared to urban communities, an advantage
in a natural disaster (Wood et al., 2014). However, another factor must also be considered: mobile
homes. Wood et al. (2010) point out that, unsurprisingly, mobile home owners will be more adversely
affected by a disaster than individuals living in established structures. In communities on the Oregon
coast, mobile home owners make up a significant portion of the population at 14.7%, compared to the
national average of 8.4% (Wood et al., 2010). This relatively high percentage increases the disaster
vulnerability of coastal communities rich in mobile homes. Compounded with the housing factors above,
this further obfuscates mitigation planning.
All of the factors listed above constitute what Wood et al. (2010) define as social vulnerability,
the assessed vulnerability assigned to particular demographic groups such as age, gender, income, and
housing. However, although the present author has taken these factors as independent of each other,
factors often compound, amplifying vulnerability (Wood et al., 2010). For example, an individual who is
of old age and is also considered low-income will be more vulnerable than if he or she possesses only
one of those traits. Arguably, the communities with the most negative ramifications due to a natural
disaster are where the most factors above compound, and not necessarily where most lives are
predicted to be lost. This has major implications for resource management in preparation for a large
earthquake and impending tsunami, and is further discussed in section 2.5.
2.3. Non-Social Factors Influencing Hazard Mitigation
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Social vulnerability is not the only facet of natural disaster planning and resource management.
Temporal and geographic information are also necessary to formulate a robust strategy for a Cascadia
megathrust earthquake.
Temporal information, such as time of day and season, compounds with social vulnerability and
must be considered. For example, individuals will be in different locations depending on the time of day.
As a result, the socioeconomic effects of an earthquake will be different at nighttime, when most people
are likely to be in their homes, versus mid-afternoon, when people are likely to be at work (Wood et al.,
2014; Wang & Clark, 1999). Essentially, this creates artificial, fluid populations. As geologists cannot
accurately predict when an earthquake will occur even on the scale of several hundred years, it is
impossible to know what time of day the disaster will hit. As a result, different scenarios must be
developed for different times of day to account for this wide margin of possibilities. Additionally, the
human damages of an earthquake and tsunami will be greater in the winter than in the warmer seasons,
as cold outdoor temperatures would pose a health risk to those who have just lost their homes (Wood
et al., 2010). This effect would increase risk for those already at high vulnerability, such as senior citizens
(Wood et al., 2010). As a result of these factors, the effects of a natural disaster will be far different in,
for example, a cold January night versus a warm July afternoon.
In addition to temporal complications, local geography gives rise to further problems. Wood et
al. (2015) point out that some individuals, even if given the earliest possible warning, simply do not have
enough time to evacuate to the nearest safe-zone before the tsunami hits based on average walking
speed. In their study, Wood et al (2015) determine that three groups comprise communities of the
Pacific Northwest: communities of high populations with enough evacuation time between the
earthquake and tsunami, communities of moderate population with insufficient evacuation time, and
communities of highly variable low population. Individual membership of these groups changes with
slower or faster walking speed. For example, senior citizens will likely walk slowly, and may not have
time to evacuate even if in the first group. Like the temporal variables, these geographic constraints
demonstrate how dynamic the issue of hazard resource management is. While it is tempting to focus
only on areas of high population, those moderate to low populations with insufficient evacuation time
are arguably at higher risk. Where an individual chooses to live also affects their disaster vulnerability, as
effects differ economically between rural and urban areas. Wood (2009) discovered that while roughly
95% of the land in the tsunami inundation zone is undeveloped, communities both large and small are
scattered throughout the coastline. Wood (2009) found that while urban areas possessed more assets
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within their limits, smaller rural communities along the coastline had their assets concentrated in a
relatively small area. This means that, although more buildings, businesses, and homes may get
destroyed in an urban area, the tsunami would not have an entirely devastating effect. Meanwhile, the
same tsunami has the potential to decimate every asset within a small community, crippling it for years
to come (Wood, 2009). Those who allocate preemptive disaster resources thus may have to decide
whether to choose between many lives lost at the time of the earthquake (such as in an urban area) and
crippling the economies of rural communities, or financially bracing rural communities and consigning
individuals in urban areas to death (Wood, 2009; Wood et al., 2014). Along with evacuation time based
on walking speed, this geographic constraint has massive implications for disaster mitigation.
Additional geographic variables further constrain loss mitigation, such as local geology.
Sediment liquefaction is one of these variables. Walker et al (2014), citing Xue and Yang (2014), state
that during earthquake ground shaking, loosely consolidated sediments are at high risk for liquefaction,
a process in which water-saturated sediments act as a liquid. This phenomenon has greatest effect on
recently deposited sediments, such as Holocene fill, river deltas, coasts, and artificial fill (Walker et al,
2014). Unfortunately, such sediments are found on the Cascadia coastline, such as in British Columbia
(Walker et al., 2014). This poses a significant risk of damage to structures built on or near these loosely
consolidated sediments, as their foundations may spontaneously turn to liquid (Walker et al., 2014).
Additionally, landslides pose a risk to populations during an earthquake, usually descending from
hillsides during ground motion (Walker et al., 2014). Earthquake effects such as liquefaction or
landslides must be taken at a local level in order to determine whether specific geologic scenarios pose a
significant risk to surrounding populations. These effects are also amplified with proximity to a coastline,
increasing vulnerability in communities closest to the sea (Walker et al., 2014). Effects such as
liquefaction and landslides pose a risk to populations beyond just expected ground motion and tsunami
arrival, and must be taken into account in hazard mitigation.
2.4. Earthquake Intensity and its Effect on Hazard Planning
While earthquake magnitude is often viewed as the metric for determining whether an event is
considered minor or catastrophic, intensity values more specifically delineate ground motion effects.
The Modified Mercalli Intensity (MMI) scale describes not the size of the earthquake in question, but
rather what effects humans will likely experience during and after the event (Wood et al., 2014). Wood
et al (2014) lay out a scale of intensity values from one to ten, with a value of one denoting effects
barely felt and a value of ten being catastrophic. These intensity values and their descriptions can be
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found in Table 1, provided by Wood et al (2014). Once expected intensity values are assigned to
individual communities, such as by Hazus software (from FEMA, 2012) used by Wood et al. (2014), these
values can be utilized in tandem with vulnerability statistics to examine where resources should flow.
2.5. Vulnerability Hotspots of the Cascadia Subduction Zone
Although many individual factors increase vulnerability, these factors compound. Thus, the
areas at most risk, which will be discussed below, are not necessarily the areas with highest population
or with the greatest amount of buildings, businesses, and homes. By examining where these factors
compound, earthquake vulnerabilities of specific communities along the coastline can be assessed.
Below, the vulnerability hotspots of the Cascadia coastline are presented in order from south to north,
beginning with California and ending with British Columbia. Both earthquake and tsunami effects are
considered, with particular emphasis on tsunami hazards. These vulnerability hotspots are those places
in which several vulnerability and/or intensity factors compound. For reference, Figure 13 is a map of
the main communities along the Cascadia coast, from Wood et al. (2015).
2.5.1. Vulnerability Hotspots of California
Although a tsunami poses a risk to the entire coast, two California communities in particular
have high risk: Eureka and Crescent City. Eureka, for example, has high numbers of businesses and
retirement homes (Wood et al., 2015). Additionally, Uslu et al. (2007) found that Crescent City,
California, located in northern California near the southern extent of the subduction zone, was
particularly vulnerable to earthquake related hazards, especially a tsunami. Crescent City’s close
proximity to the subsidence of the Gorda Plate proves an enormous hazard, as the tsunami would arrive
within minutes (Uslu et al. 2007). Uslu et al. (2007) using the numerical model of Method of Splitting
Tsunamis (MOST) from Titov and Synolakis (1998) generated several inundation scenarios. They found
that a tsunami in Crescent City would penetrate 3.8 kilometers inland, posing a significant risk to
populations away from the coastline (Uslu et al., 2007). It is worth noting that this is approximately
twice the inundation of the Alaskan tsunami in 1964, which killed 11 people, damaged 29 city blocks,
and caused $15 million in damages in Crescent City alone (Uslu et al., 2007). Significant damages can
also be expected for future events.
2.5.2. Vulnerability Hotspots of Oregon
Because the entirety of the Oregon coast is situated along the Cascadia subduction zone, there
are multiple places of high vulnerability. Initially, the hazards do not seem insurmountable: according to
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Wood (2009), 95% of the Oregon coastline is undeveloped wetland and/or shores, as seen in Figure 14.
However, approximately 2,000 residents possess high social vulnerability scores in the tsunami
inundation zone, and a majority of these residents are found in just a few communities (Wood et al,
2010). Additionally, non-human damages must be assessed, such as building losses and other economic
impacts. The majority of individuals in the tsunami inundation zone are in Tillamook and Coos Counties,
as well as Warrenton, Waldport, Lincoln City, and Seaside (Wood, 2009). However, although some
locations have many people with high vulnerability scores, these represent a small fraction of the total
at risk population, as seen in Figure 15 (Wood et al., 2010). This calls attention to how devastating an
earthquake-driven tsunami would be for certain communities, even if that particular community does
not have a high number of residents. Toledo, for example, has few residents that possess high
vulnerability scores, but those that do represent the majority of the population. The main metric that
influences tsunami vulnerability for a community in Oregon, however, is walking speed. For example,
even assuming generous walking speed, the majority of individuals in Seaside would not have enough
time to evacuate before a tsunami (Wood et al., 2015). Even worse, Seaside is a community with a
greater than average presence of employees, businesses, and retirement homes in the hazard zone
(Wood et al., 2015). Therefore, not only would the lack of time to evacuate pose an immediate risk, it
could also potentially cripple the economy for years. This is especially seen in Figure 16 from Wood
(2009), which relays how much land within each community is developed. Similarly, Bandon is also an
area of high risk based on walking speed, given that a high percentage of the residents are senior
citizens (Wood et al., 2010). By pinpointing these areas of high vulnerability, resources can be allocated
accordingly.
2.5.3. Vulnerability Hotspots of Washington
Even though Oregon, specifically Seaside, is at high vulnerability for earthquake hazards,
Washington state is arguably more so. For example, Grays Harbor County and Pacific County alone
contain 48% of at-risk citizens along the entire subduction zone (Wood et al., 2015). Additionally, of
those unfortunate citizens in Cascadia without sufficient time to evacuate during an earthquake, two
thirds of them are in Washington (Wood et al., 2015). Grays Harbor County and Pacific County, as well as
Ocean Shores, contain a high number of residents in the hazard zone (Wood et al., 2015). Fortunately,
these areas also have fewer businesses and retirement homes than Seaside, for example (Wood et al.,
2015). Aberdeen is also an area of focus, as it contains a high number of residents as well as employees,
with over 12,000 residents in the hazard zone (Wood et al., 2015). Fortunately, the majority of these
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residents have enough time to evacuate for a tsunami (Wood et al., 2015). The same cannot be said for
Ocean Shores, in which almost all of its approximately 5,000 residents do not have enough time to
evacuate even given faster than average walking speed (Wood et al., 2015). Ocean Shores, thus, may be
considered a better candidate for resources, even though it has fewer total people in the inundation
zone.
MMI classes can also be considered for Washington. Wood et al. (2014) point out that there are
several fault lines other than Cascadia in Washington. Assuming this, they ran several earthquake
scenarios for Washington, including a full rupture of Cascadia and more localized fault slips near Seattle
and Tacoma. Wood et al. (2014) found that most residents along the coastline will experience low
intensity classes for a Cascadia scenario, but a small percentage would experience high intensity in the
event of a localized fault rupture. This phenomenon is seen in Figure 17, from Wood et al. (2014). While
only the Cascadia scenario is examined in this paper, these results could possibly indicate that urban
areas consist of low numbers of individuals that will experience high intensity classes. Concurrently,
great numbers of individuals that would experience low intensity are found in more rural areas. This has
massive implications for resource allocation, as the government must decide to assist few urban areas
with greater initial loss of life, or to assist rural areas with many lower-level consequences that could
persist for years to come (Wood et al., 2014).
2.5.4. Vulnerability Hotspots of British Columbia, Canada
Walker et al. (2014) found that several communities on Vancouver Island were at high risk of
earthquake driven hazards, especially Greater Victoria. More specifically, Langford, Oak Bay, Saanich,
and Victoria have high vulnerability (Walker et al., 2014). Walker et al (2014) designated these zones as
high-risk because of either their risk of liquefaction or their proximity to hospitals. Since parts of the
region are comprised of recent sedimentary fill, these areas are at risk for liquefaction and possess
higher vulnerability (Walker et al., 2014). Walker et al (2014) also assigned higher vulnerability scores to
those farther away from hospitals. Additionally, it is worth noting that the Greater Victoria region is
home to approximately 345,000 residents, with many of the buildings being old and constructed out of
stone (Walker et al., 2014). Many of the buildings in Victoria are not up to current building code, as they
are built with seismically vulnerable frames (Goda & Tesfamariam, 2017). This oversight, in tandem with
liquefaction risk, bodes ill for Greater Victoria.
2.6. Estimated Loss Totals of the Cascadia Region
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Because earthquake hazards are relatively unpredictable and the coastline is so demographically
and spatially diverse, arriving at a total loss prediction with any degree of certainty is impossible.
However, it is possible to examine how many individuals, businesses, retirement homes, etc. are in
earthquake related hazard zones, as well as which communities have sufficient time to escape before a
tsunami. Figure 18, from Wood et al. (2015) showcases these statistics. Along the entire Cascadia
coastline, excluding British Columbia, Wood et al. (2015) estimate that there are approximately 95,000
citizens, 440 retirement homes, and over 2,000 businesses in the tsunami hazard zone. Given the
diversity of scenarios involved, it is impossible to know exactly which populations among these will be
most directly affected and where. However, estimates for specific regions can be made and examined as
a microcosm of the entire coastline. For example, Dominey-Howes et al. (2010) estimate that in Seaside,
Oregon, there is likely to be at least $116 million worth of damages even before the tsunami hits. Given
Seaside’s similarities to other communities along the coastline, such as Ocean Shores, Washington, it is
not unreasonable to assume that damages in those communities could also total in the millions. Wang
and Clark (1999) attempt to estimate losses for the entirety of Oregon from the earthquake alone, albeit
with substantial room for error. They estimate that there will be almost 8,000 casualties and $12 billion
worth of damages, as well as 100 instant deaths and over 17,000 displaced households. Even worse,
police, fire, and emergency treatment services will likely only be at 65% capacity afterward (Wang &
Clark, 1999). In addition, gas stations, banks, grocery stores, and other essentials will be affected
(Walker et al., 2014). These estimations do not include California, Washington, or British Columbia, so
the total damages will likely exceed several billion dollars, hundreds of lives, and tens of thousands of
displaced families for the entire region.
2.7. Visualizing the Disaster Using Multiple Hypothetical Scenarios
With the above knowledge of social and physical vulnerability, as well as knowing where the
damages will likely be the greatest, multiple scenarios can be created to demonstrate the variability of
the socioeconomic effects of a megathrust earthquake. These scenarios target hypothetical individuals
along the coastline.
2.7.1. Best-Case Hypothetical Scenario for an Individual During a Cascadia Event
A healthy, young individual in Astoria, Oregon, represents one of several best possible scenarios
for a Cascadia earthquake event. This individual has no dependents, including children or aging parents,
and owns a small home in the suburbs that she bought with money from her high paying job in the city.
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If the earthquake hit in the evening during the summer, when she would likely be at home, she would
have plenty of time to evacuate and her home, being new and structurally sound, would suffer minimal
damages. Overall, there would be few adverse effects.
2.7.2. Moderate Hypothetical Scenario for an Individual During a Cascadia Event
A stay at home mother of two young children living in Aberdeen, Washington represents a
moderate case scenario. If the earthquake struck in the mid-morning, she hypothetically has enough
time to round up her children and evacuate before the tsunami hits. However, any family members or
friends living or working in the city may be less fortunate. Due to the high number of employees and
businesses in Aberdeen, the local economy would suffer, possibly causing layoffs in the future. No
immediate damage has been done, but the stay at home mother may suffer the ramifications of the
earthquake for several years.
2.7.3. Worst-Case Hypothetical Scenario for an Individual During a Cascadia Event
The worst-case scenario for a Cascadia earthquake/tsunami event is represented by a senior
citizen living in a retirement home in Seaside, Oregon. If the earthquake struck at 2:00PM during the
winter on a weekday, most employees, possibly friends or family, would be in the city working when the
tsunami hits. Additionally, neither she nor her family, if they lived nearby, would have enough time to
evacuate before the tsunami. Death is likely for this individual, for even if they survive the earthquake
and the tsunami, they will likely be displaced from their retirement home. During the winter, this leads
to possibly fatal sickness. The local economy, given its high amounts of employees and businesses in the
city, would likely be decimated for years to come.
2.8. Disaster Mitigation in the Cascade Region
Analysis of socioeconomic vulnerability suggests that several communities, such as Seaside,
Oregon and Ocean Shores, Washington are at high risk for great losses. Vulnerability studies also suggest
that earthquake preparation must be localized, with some areas benefiting from education and other
areas from more advanced infrastructure. No single, broad brush policy would provide the necessary
resources for hazard mitigation in the Pacific Northwest, as the problem is so dynamic. For example,
simply educating the public about the hazard may prove enough in a community with sufficient time to
evacuate, such as Aberdeen (Wood et al., 2015). Similarly, vertical evacuation centers could be built in
those communities with insufficient evacuation time, such as Seaside or Ocean Shores (Wood et al., 2015).
Since there are so many geologic scenarios possible, it is not feasible to prepare for the worst-case
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scenario, nor is it responsible to be optimistic. Witter et al. (2013) recommend applying the worst-case
scenario for evacuation planning, but a more moderate and feasible scenario for building codes. Goda and
Tesfamariam (2017), citing Takewaki et al (2011), point out that simply adding seismic dampers to
buildings could mitigate structural damage. Essentially, the problem boils down to choosing between
short and long term effects. The present author believes that focusing only on areas with only short-term
effects ignores the pervasive problems created economically in other regions, especially small
communities with one-dimensional economies. Therefore, preemptive resources should flow to those
communities, such as Seaside, that will experience devastating economic downturn in a Cascadia event.
These downturns could possibly persist for generations, affecting many more people than those who
initially experienced the disaster. Granted, this approach does leave gaps in short-term effect mitigation,
but that may be necessary in order to stave off systemic poverty in rural communities.
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Chapter 3: The Importance of Earthquake Early Warning Systems
3.1. Introduction
With both physical and socioeconomic devastation on the Cascadia coastline inevitable, an
Earthquake Early Warning system (EEW) for the region is a necessity. Even a few seconds of warning
before intense shaking begins could potentially provide enough time for preemptive measures to be
taken, such as taking cover or strategically shutting off power to vital facilities (Wu & Kanamori, 2008).
Given their importance in earthquake preparedness, it is worth understanding the history, function, and
implementation of EEWs both in Cascadia and elsewhere.
3.2. History of Earthquake Early Warning Systems
The idea for earthquake warning systems first came as far back as 1868, when a model for a
system of electrically rigged bells that would begin ringing in the event of an earthquake was published
(Nakamura & Saita, 2007). Unfortunately, the technology for a robust EEW did not exist until the late
1950s, when Japan installed detectors on their train systems (Nakamura & Saita, 2007). After an Mw 6.1
earthquake struck Shizuoka, the Japanese installed seismometers on the railways that would
automatically shut down the trains in the event of intense shaking (Nakamura & Saita, 2007; Allen et al.,
2009). In 1982, Japan developed a front detection system (the methods of which are discussed below),
followed by a similar system being developed in Mexico in 1991 (Nakamura & Saita, 2007). The major
event that shaped EEW development, however, was the 1995 Mw 7.2 Kobe earthquake. After the
destructive event, Japan began installing the Urgent Earthquake Detection and Alarm System (UrEDAS)
EEW, which paved the way for most modern warning systems (Nakamura & Saita, 2007; Allen et al.,
2009). UrEDAS and the geophysical methods for warning systems are explained further below.
3.3. How Earthquake Early Warning Systems Work
There are several different types of EEW, each with its advantages and drawbacks. For this
reason, different geologic settings call for different styles of EEWs, with the system in place in Mexico
City not necessarily best suited for that of Cascadia or Japan. Given this, there are two main types of
EEW: a front detection system and an onsite system (Nakamura & Saita, 2007). Both of these systems
rely on the speed of telecommunication being much faster than that of a seismic wave (Nakamura &
Saita, 2007). In a front detection system, ground shaking is observed at one seismic station, which then
sends a message to nearby stations to expect similar ground motion (Nakamura & Saita, 2007). In this
way, a warning about ground shaking will occur before the shaking itself, if the warning target is
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sufficiently far away. Front detection systems thus work well in such a place as Mexico City, as the
population is far enough away from the subduction zone that they could potentially receive up to a
minute of warning (Allen et al., 2009). As useful as front detection is, it by nature requires shaking to
occur before sending out a warning. As a result, populations near the epicenter are located in blind
spots, where warnings do not arrive before severe shaking (Allen et al., 2009). An onsite system can
provide such a warning. An onsite system detects earthquake P-waves, and can thus send out warnings
to even populations near the epicenter before destructive S-waves hit (Nakamura & Saita, 2007). The
UrEDAS system installed in Japan after the 1995 Kobe earthquake was the first practical, worldwide EEW
of this kind (Nakamura & Saita, 2007; Allen et al., 2009). P-wave detection and analysis is further
discussed below.
3.4. P-Wave Detection and Analysis in Early Warning Systems
The methods of P-wave based EEWs are powerful, but come with inherent limitations. Most
modern EEWs analyze the properties of the P-wave, and then scale these properties up to predict
earthquake magnitude and intensity before the arrival of S-waves and intense shaking (Allen et al.,
2009). Many parameters are analyzed, such as peak ground acceleration, peak velocity, ground
displacement, wave amplitude, and wave period, with different EEW systems emphasizing different Pwave properties (e.g. Nakamura & Saita, 2007; Wu & Kanamori, 2008; Allen et al., 2009; Kuyuk et al.,
2014;). These properties are then used to predict earthquake magnitude, ground motion, and distance
to the epicenter within seconds (Allen et al., 2009). An example of wave period scaling is shown in Figure
19, from Nakamura and Saita (2007). Time is of the essence, however, as each second that a warning is
not sent increases the radius of the blind zone for that event by 4 km (Allen et al., 2009). Unfortunately,
there is an inverse relationship between accuracy and time. According to Allen et al. (2009), the more
time spent transmitting and processing data correlates to a higher probability of missed events, and less
time spent processing results in false alarms. This accuracy/time relationship is useful for defining
warning thresholds. By incorporating a high warning threshold, for example by increasing processing
time or requiring more stations to assess the threat, some warnings may be too slow or not arrive at all
(Kuyuk et al., 2014). On the other hand, a low threshold could cause false alarms (Kuyuk et al., 2014).
More importantly, any EEW that scales up the P-wave properties saturates at high Mw (>7) moment
magnitude events, resulting in moment magnitude values that appear constant (Hoshiba et al., 2008;
Allen et al., 2009; Blewitt et al., 2009). This causes the EEW to misrepresent or underestimate

24
earthquakes of high magnitude. While P-wave based EEWs are certainly useful, it is important to
understand their limitations.
Fortunately, other methods, such as geodetic analysis, fill in the gaps of P-wave EEWs. Geodetic
analysis, which relies on data derived from GPS and GNSS (Global Navigation Satellite System), measures
ground displacement in the event of an earthquake and is then able to predict moment magnitude
(Murray et al., 2018). This is seen in Figure 20, from Blewitt et al. (2009). Fortunately, values derived
from geodetic methods do not saturate at high moment magnitudes (e.g. Blewitt et al., 2006; Blewitt et
al., 2009; Murray et al., 2018). Additionally, geodetic data has been shown to be able to accurately
assess tsunami threat as well as earthquake magnitude, even when P-wave EEWs failed to do so (Blewitt
et al., 2006). However, geodetic data also comes with limitations. Generally, geodetic components of
warning systems are initiated by the first warning given by a P-wave based EEW, and then provide
accurate and continuous moment magnitude updates to that EEW (Murray et al., 2018). As a result,
geodetic data may not be useful for the first warning given. This is problematic when shaking can begin
in seconds after P-wave arrival. Despite this, it is important to utilize geodetic data in future EEWs,
including that of Cascadia.
3.5. Cascadia’s Early Warning System: ShakeAlert
Beginning in 2006, the United States Geological Survey (USGS) in partnership with several state
governments and universities, began developing ShakeAlert, a prototype EEW for the Pacific Northwest
(Burkett et al., 2014). The program began in California, with efforts continually being made to extend
the system to the rest of the Pacific Northwest (Given et al., 2014). The system is based on existing
ground motion detectors from the California Integrated Seismic Network and the Pacific Northwest
Seismic Network (Burkett et al., 2014). The California version of ShakeAlert currently utilizes three
pieces of software: ElarmS (Kuyuk et al., 2014), Virtual Seismologist (Cua & Heaton, 2007), and OnSite
(Böse et al., 2009), while the Pacific Northwest version only uses ElarmS (Crowell et al., 2016). ElarmS
analyzes P-wave frequency as well as peak displacement and velocity amplitude (Kuyuk et al., 2014);
Virtual Seismologist analyzes P-wave frequency and period (Cua & Heaton, 2007); OnSite examines Pwave period and amplitude of vertical displacement (Böse et al., 2009). The stream of robust data from
those three algorithms is then fed into ShakeAlert’s DecisionModule, a software that integrates all three
data sets and forms one earthquake prediction (Crowell et al., 2016). This prediction is then distributed
to users via XML message (Cochran et al., 2018), which provides the user with expected shaking
intensity, estimated epicenter, and a vocal countdown to when seismic waves are expected to hit
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(Burkett et al., 2014). Notifications are generated for any event above a moment magnitude of 3.0
(Given et al., 2014). As of 2018, ShakeAlert notifications were only available to a select number of pilot
users via computer programs or mobile phone applications, and not to the general public (Cochran et
al., 2018). However, once fully developed, ShakeAlert will be able to send notifications through services
provided by FEMA, including the Integrated Public Alert and Warning System (IPAWS) and Wireless
Emergency Alerts (WEA), which include Amber Alerts (Given et al., 2014). The cost of operating such a
system, including ground motion sensors, telecommunications, data processing, and public rollout, is
predicted to be $38.3 million, plus $16.1 million per year for maintenance (Given et al., 2014).
3.6. Problems with ShakeAlert
Although ShakeAlert is, without a doubt, a step in the right direction to mitigating damage from
a Cascadia megathrust event, the system consists of several inherent shortcomings. One such
shortcoming is the small number of individuals currently receiving alerts. Distributing only a few
messages to a select number of users, and not the general public, will not be sufficient for damage
mitigation (Cochran et al., 2014). Additionally, seismic sensors on the West Coast are currently sparse,
leading to greater delays and blind spots (Given et al., 2014). Other infrastructure, such as power lines
and other telecommunication systems, is also at risk from earthquake shaking itself (Crowell et al.,
2016). This vulnerability could prevent the ShakeAlert system from sending out warnings for
aftershocks, after the infrastructure has already been damaged by the initial earthquake (Crowell et al.,
2016). ShakeAlert’s DecisionModule also does not factor in data from ocean bottom seismometers,
which decreases information for offshore earthquakes (Cochran et al., 2018). Given that the Cascadia
subduction zone is currently locked offshore, this could pose a problem estimating earthquake moment
magnitude and tsunami vulnerability in the event of a megathrust event. Additionally, because any Pwave EEW will encounter problems with high moment magnitude saturation, ShakeAlert, which only
incorporates P-wave data, is likely to misrepresent high moment magnitude events (Murray et al., 2018;
Allen et al., 2009).
3.7 Human Inertia and its Impact on EEWs
The other main problem not just with ShakeAlert, but with EEWs in general, is human inertia.
Contrary to popular belief, receiving an earthquake warning does not result in mass panic (Allen et al.,
2009). This is best illustrated with a case study of a false alarm in Mexico City. Allen et al. (2009), citing
Espinosa-Aranda et al. (1995), point to a false alarm issued in Mexico City on November 16, 1993. The
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alarm was issued during rush hour to an estimated 2 million people via radio, but there was no panic
associated with the warning (Allen et al., 2009). While this reaction is certainly a positive, it is a potential
indicator of human apathy about natural disasters. Jeff Rubin, an Emergency Manager at Tualatin Valley
Fire and Rescue, presented this issue as the main challenge facing a warning system (Jeff Rubin, personal
communication, November 19, 2018). Mr. Rubin hypothesized that anywhere between 2/3 and 3/4 of
the regional population is unprepared for a Cascadia megathrust earthquake, and are unlikely to act
even given all of the pertinent information. This is unsurprising, given the Recent lack of megathrust
earthquakes. No native individual of Cascadia has ever experienced an earthquake of this magnitude,
and is thus inexperienced and unprepared for such an event (Cochran et al., 2018). This inertia poses
significant challenges moving forward.
3.8. Ways to Improve ShakeAlert
ShakeAlert can be improved by adding and upgrading instrumentation, as well as by
incorporating a geodetic component into the DecisionModule. Currently, although there are seismic
sensors in the region, more are needed in order for ShakeAlert to operate at maximum capacity (Given
et al., 2014). Given et al. (2014) estimate that in order to achieve this, 440 sensors in California and 280
sensors in Oregon and Washington must be added. Adding these stations will help reduce the radius of
the blind zone per event (Given et al., 2014). More importantly, however, ShakeAlert must include a
geodetic component to be incorporated into the DecisionModule in order to provide the best possible
warning. Currently, as ShakeAlert only utilizes P-wave detection methods and not geodetic methods, it
will encounter significant error issuing warnings for large moment magnitude earthquakes (Blewitt et
al., 2009; Murray et al., 2018). When incorporating geodetic data into the DecisionModule, therefore,
more weight should be assigned to geodetic data in a large moment magnitude event (Crowell et al.,
2016). Additionally, a geodetic component has the potential to provide warning for a tsunami as well
(Blewitt et al., 2009). As with seismic sensors, more GPS sensors are needed to provide the most
accurate and timely warning possible. Given et al. (2014) estimates that approximately 150 GPS stations
in total need to be added to both California and the Pacific Northwest to achieve optimal results.
Fortunately, several geodetic programs are being developed for inclusion into ShakeAlert’s
DecisionModule (Murray et al., 2018).
While the way forward instrumentally is clear, human inertia is a more difficult problem to
solve. However, several steps, such as increased warning criteria, more effective and widespread
dissemination of warnings, and increased automation have the potential to combat apathy. Because
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issuing warnings based on more relaxed criteria leads to increased false alarms (Kuyuk et al., 2014),
criteria should be very strict in Cascadia. Currently, ShakeAlert issues a warning even for events as low
as Mw 3.0 (Given et al., 2014; Crowell et al., 2016). Allen et al. (2009) and Given et al. (2014) both
advocate for this low criterion, reasoning that frequent warnings help troubleshoot the system as well
as keep the public on their toes. However, this magnitude criteria must be raised to at least an Mw 5.0,
as frequent false alarms will surely erode public trust in ShakeAlert and possibly cause true events to be
ignored. An Mw 5.0 earthquake is defined as moderate, whereas an Mw 3.0 is considered light, as seen
in Table 2 (Vasti & Dev, 2020). Additionally, the current XML formatted alerts are insufficient for warning
the public at large (Cochran et al., 2018). Incorporating forced notifications, such as Amber Alerts
operated by FEMA, are planned improvements to the ShakeAlert system (Given et al., 2014). These
Amber Alerts have the potential to galvanize people into action, without having to first download an
app. Finally, automating as much as possible will combat human inertia. Nakamura and Saita (2007)
argue that as many systems as possible must be automated in order to minimize human error and
provide timely warnings. Automating system shut off, such as public transportation or power grids (Wu
& Kanamori, 2008), removes human judgement from the equation entirely. Here, it is useful to examine
the EEWs of Japan, which can in many ways act as a model for Cascadia.
3.9. Earthquake Early Warning Insight from Japan
Japan has the potential to serve as an EEW model for Cascadia, especially in relation to
automation. As discussed in section 3.2, Japan first used EEWs to automatically shut off power to their
railways (Allen et al., 2009). Such technology is in effect for the Bay Area Rapid Transport (BART) system
in San Francisco (Kuyuk et al., 2014), and could be extended to other public transportation in the rest of
the Pacific Northwest. In addition to trains, Japan is also working towards automating several other
systems. After receiving a warning, it is theoretically possible that aircraft could be told not to land,
surgeons could pause any ongoing operations, elevators could open at the nearest floor, and vulnerable
factory systems could shut down (Hoshiba et al., 2008; Allen et al., 2009). Not only does automation
force action that may otherwise not be taken, it also saves money in the event that an earthquake
strikes. As a case study, a semiconductor factory in Japan lost $15,000,000 USD in two earthquakes in
2003. After installing an EEW system that automatically shut down certain factory operations and
moved important equipment to safety, those losses decreased to $200,000 in the next two earthquakes
(Allen et al., 2009). While some may worry about the cost of temporarily shutting down key parts of the
economy in the event of a false alarm, examples such as the one above demonstrate the dire financial
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consequences of not automating as much as possible. It is also worth noting that the same Japanese
factory only had to close for approximately four days after the later earthquakes struck, as compared to
around 15 before (Allen et al., 2009). Cascadia can learn from the automation of EEWs seen in Japan.
In addition to automating as much as possible, Japan also has reasonable methods of
determining criteria and disseminating alerts. According to Allen et al. (2009), Japan issues warnings
when the intensity (MMI) is expected to be approximately VII or VIII. This is much more reasonable than
the Mw 3.0 criteria in Cascadia, as discussed in section 3.8. Additionally, Japan sends out alerts
efficiently to a large number of people. Not only do over a hundred municipalities in Japan utilize public
loudspeakers, many schools and households install seismometers directly into the building (Horiuchi et
al., 2009; Allen et al., 2009). In the event of an earthquake, the seismometers audibly count down to
when shaking is expected to begin (Allen et al., 2009). Additionally, schools institute several drills a year,
keeping the students alert (Allen et al., 2009). Cascadia could potentially adopt or modify these criteria
and warning dissemination methods for the ShakeAlert EEW.
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4.0. Conclusion
The Cascadia Subduction Zone on the coast of California, Oregon, Washington, and British
Columbia poses a geologic and socioeconomic threat to the population of the region. Geologic evidence
from past earthquakes as well as current mechanisms of stress buildup suggest that the imminent
megathrust earthquake will a) be of Mw 8 or greater, b) occur in Oregon, as shown in Figure 1, c) strike
within the next 200 years, given a 500 year recurrence interval, d) cause approximately one meter of
subsidence, and e) result in a tsunami between three and eight meters in amplitude. Such inferences are
supported by examination of similar subduction zones, such as Southern Chile and Southwestern Japan,
which possess similar properties to Cascadia and both experience megathrust earthquakes. However,
this scenario represents only the most probable outcome, as earthquake events are volatile and difficult
to predict.
Analysis of demographics, regional geography, evacuation speed, temporal information, and
intensity values suggest that a) several communities, such as Seaside, Oregon and Ocean Shores,
Washington, are at high risk for great losses, b) no single, broad brush policy would provide necessary
resources for hazard mitigation in the Pacific Northwest, c) education would only work in areas with
enough time to evacuate, and that vertical evacuation structures may be otherwise, d) updated building
codes, such as requiring seismic dampers, could significantly reduce socioeconomic losses, and e)
resource allocation should focus on the long-term, flowing to communities where economic downturn
could persist for generations. Taking such steps would significantly reduce socioeconomic losses.
Analysis of the history, methods, and implementation of EEWs, including Cascadia’s ShakeAlert,
leads to the conclusions that a) the moment magnitude criterion should be raised to Mw 5.0 from Mw
3.0, b) increasing the number and spatial density of receivers would decrease the radius of the blind
zone, c) incorporating a geodetic component into the DecisionModule would provide improved accuracy
for high moment magnitude events, and d) automating as many systems as possible, as in Japan, would
combat human inertia. Even though modifications are necessary for ShakeAlert to operate at ideal
capacity, the correct steps are being taken. These steps can and will increase public trust in an EEW
system for Cascadia. Unless adequate preparations are made for a Cascadia megathrust earthquake
event, the region will experience both geologic and socioeconomic disaster.
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Tables

Table 1: Modified Mercalli Intensity (MMI) scale and correlative peak ground acceleration values (from
Wald et al., 1999) and descriptive effects. From Wood et al. (2014), after U.S. Geological Survey (1989).

Table 2: Earthquake classification system based on moment magnitude. From Vasti and Dev (2020).
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Figures

Figure 1: Study area of the Cascadia Subduction Zone, where the Juan de Fuca Plate subducts
underneath the North American Plate. While the northern and southern regions of Cascadia are
seismically active, Oregon has been inactive for some time. The red box shows the area of expected
rupture as argued by the present author; the blue box shows the locations of the episodic tremor and
slip events of Rogers and Dragert (2003). Modified from Flueh et al. (1998).
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Figure 2: Collision of the Coast Range volcanic arc during the Eocene. OWL is the Olympic-Wallowa
Lineament, the zone of rifting between the Cascade volcanic arc and the continent. From Hammond
(1979).

Figure 3: Inception of modern Cascade volcanism and subsequent clockwise rotation of region. OWL is
the Olympic-Wallowa Lineament, the zone of rifting between the Cascade volcanic arc and the
continent. From Hammond (1979).
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Figure 4: Paleogeography of the Cascade Range during the early Oligocene. OWL is the Olympic-Wallowa
Lineament, the zone of rifting between the Cascade volcanic arc and the continent. From Hammond
(1979).
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Figure 5: Paleogeography of the Cascade Range by the early Miocene. OWL is the Olympic-Wallowa
Lineament, the zone of rifting between the Cascade volcanic arc and the continent. From Hammond
(1979).
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Figure 6: Various cross-sections of seismic imagery of the Cascadia subduction zone, with inset showing
locations of seismic shot. Cross-section A shows the area beneath Washington; cross-section B shows
the area beneath Central Oregon; cross-section C shows the area beneath Northern California. Ps
represents the primary seismic signal; PPs and PSs represent seismic multiples from the top of the
subducting crust; PSms represents a multiple from the Moho; P410s represents a discontinuity at a
depth of 410 km. Dotted lines indicate the seismic anomalies expected from the subducting plate. Blue
coloring represents faster than expected arrival time, and red represents slower than expected arrival
time. Modified from Cheng et al. (2017).
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Figure 7: The recurrence intervals of episodic tremor and slip events on the Cascadia Subduction Zone.
Squares represent GPS stations and triangles represent seismometers that record episodic tremor and
slip. The dashed line represents the contour line onshore at which the depth to the subducting slab is 40
km. From Brudzinski and Allen (2007).
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Figure 8: Locations of evidence that support the coastal subsidence hypothesis. From Atwater et al.
(1995).
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Figure 9: The Southern Chilean Subduction Zone, where the Nazca Plate subducts beneath the South
American Plate. Black triangles represent seismic stations; white circles represent previous earthquake
locations; inverted white triangles represent locations of volcanoes; the dashed line is the area of
subsidence from the 1960 Mw 9.5 earthquake in Chile, after Plafker and Savage (1970). From Lange et al
(2007).
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Figure 10: Relationship of temperature and depth of both the subduction zone of Southern
Chile, Cascadia, and others, including ages of the subducting plate in parentheses and the depth to the
base of the incoming sediment marked with a line and arrow. From Oleskevich et al. (1999).
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Figure 11: The tectonic regimes of Japan, including Southwestern Japan where the Philippine Plate
subducts beneath the Eurasian Plate. The red box indicates the area of interest for this paper. Triangles
represent Holocene volcanoes. Modified from Peacock and Wang (1999).

Figure 12: Many different factors, here defined as social, physical, and systemic, contribute to an
individual’s earthquake vulnerability. From Walker et al. (2014).
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Figure 13: Locations of major communities along the Cascadia coastline. From Wood et al. (2015).
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Figure 14: Pie chart showing the percentages of land use along the entire Oregon Coast (a) and within
cities in Oregon (b). From Wood (2009).

Figure 15: Relationship between number of residents with high social vulnerability (SoVI) scores and the
total percentage of the community that they represent. From Wood et al (2010).
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Figure 16: Amount of land (a) and percentage of land (b) within each community along the Oregon coast
that is developed. The intensity of development, based on amount of urban area and vegetation, ranges
from high to low. Third quartile values are used to identify which communities are above the median
value for the region. From Wood (2009).
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Figure 17: The number of residents in different MMI classes in Washington compared to those in range
of peak ground acceleration (PGA). From Wood et al. (2014).
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Figure 18: The demographics and evacuation times for communities along the Cascadia coastline. From
Wood et al. (2015).

Figure 19: Infographic from Nakamura & Saita (2007) showing the relationship between P-wave period
and earthquake magnitude and fault size. A longer period correlates to larger faults of greater
magnitude.
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Figure 20: Displacement of GPS sensors gives warning for ground motion related to plate slippage during
an earthquake. From Blewitt et al (2009).

